(19) 



J 



(12) 



Europaisches Patentamt 
European Patent Office 
Office europeen des brevets (11) EP 1 045 145 A1 

EUROPEAN PATENT APPLICATION 



(43) Date of publication: 

18.10.2000 Bulletin 2000/42 

(21) Application number: 00106259.5 

(22) Date of filing: 22.03.2000 



(51) int. CI. 7 : F04B 35/04, H02K 5/22, 
H02K33/18 



(84) Designated Contracting States: 


(72) Inventors: 


AT BE CH CY DE DK ES Fl FR GB GR IE IT LI LU 


• Donahoe, Thomas S. 


MC NL PT SE 


Davenport, Iowa 52804 (US) 


Designated Extension States: 


• Nelson, Arthur Randall 


AL LT LV MK RO SI 


Davenport, Iowa 52801 (US) 


(30) Priority: 16.04.1999 US 292984 


(74) Representative: 




MULLER & HOFFMANN Patentanwalte 


(71) Applicant: LITTON SYSTEMS, INC. 


Innere Wiener Strasse 17 


Davenport, Iowa 52804-1299 (US) 


81667 Munchen (DE) 



m 

in 
o 



(54) Electrically operated linear motor with integrated flexure spring and circuit for use in 
reciprocating compressor 



(57) A reciprocating compressor (80) includes an 
electric motor having fixed and moveable components 
within a housing for reciprocating a moveable assembly, 
to compress a working fluid within a variable volume 
compression chamber (98) within the housing (84). An 
integrated flexure spring and circuit (100) connected 
between the housing (84) and the moveable assembly 
axially and radially centers the moveable assembly 
within the housing (84), and additionally, supplies an 



electric current to a moveable current coil (106) of the 
electric motor associated with the moveable assembly. 
The moveable assembly is axially reciprocated against 
a restoring force of the integrated flexure spring and cir- 
cuit (100) responsive to an axial force exerted on the 
moveable assembly by the electric motor when the elec- 
tric current is supplied to the moveable current coil via 
the integrated flexure spring and circuit (100). 
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Description 

Field of the Invention 

[0001] The present invention generally relates to 5 
motors having reciprocating shafts and, more particu- 
larly, to a reciprocating compressor having an electri- 
cally operated linear motor using an integrated flexure 
spring and circuit 

10 

Background of the Invention 

[0002] Long-life, high reliability cryogenic refrigera- 
tors or cryocoolers such as long-life Stirling and pulse 
tube refrigerators are used in cooling applications is 
including infrared sensor systems on aircraft and space- 
craft. Such cryocoolers typically include a linear-reso- 
nant or reciprocating compressor having a linear 
electric motor to compress and displace a refrigerant 
working fluid. The linear motor includes a moveable, 20 
current-carrying coil, i.e., a moveable current coil, within 
a magnetic field to impart reciprocating, bi-directional 
linear forces in an axial direction to a moveable assem- 
bly of the linear motor. As the moveable assembly recip- 
rocates in response to the linear forces applied thereto, 25 
the working fluid is compressed and displaced toward 
system components associated with the refrigeration 
process. 

[0003] Figure 1 is an illustration of a reciprocating 
compressor 10 which is disclosed in the publication 30 
"Design Equations And Scaling Laws For Linear Com- 
pressors With Flexure Springs", by E. Marquardt, R. 
Radebaugh and R Kittel, Proceedings of the 7 th Interna- 
tional Cryocooler Conference, pp. 783, 17-19, Novem- 
ber 1 992. In Figure 1 , a left half (which is a mirror image 35 
of the right half) of reciprocating compressor 10 is 
depicted comprising a piston 14 driven by a linear 
motor, generally indicated at 16, within a pressurized 
motor housing 1 8. Piston 1 4 is displaced by linear motor 
16 in opposing axial directions along a longitudinal axis 40 
20 to compress a typically gaseous working fluid within 
a chamber 22 and to displace the working fluid trough a 
discharge passageway 24. 

[0004] In more detail, a stationary portion of linear 
motor 16 is fixed within motor housing 18 between a 45 
tubular left housing mount 26 and a tubular right hous- 
ing mount 28. Linear motor 16 includes an outer return 
iron 32 fixed between mounts 26,28, and an inner return 
iron 30 positioned concentrically relative to outer return 
iron 32. A permanent magnet 34 is fixed between return so 
irons 30,32. A moveable current coil 36, carried by a 
moveable armature 38 fixed to piston 14, is disposed 
between return irons 30,32. 

[0005] An electrical outer lead 39 supplies a motor 
drive current from an external current source (not 55 
shown) to moveable current coil 36 through an electrical 
terminal 40 fixed to left housing mount 26 and a flexible 
inner lead 42, connected between the electrical terminal 
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40 and the moveable current coil 36. During motor oper- 
ation, moveable current coil 36 is axial ly reciprocated by 
a magnetic force arising from magnetic interaction 
between moveable current coil 36, permanent magnet 
34 and return irons 30,32. As moveable current coil 36 
reciprocates, a moveable end 42b of inner lead 42 
attached to the moveable current coil experiences cor- 
responding movement while an opposite end 42a of 
inner lead 42 remains fixed to stationary terminal 40. 
This repetitive differential motion between fixed and 
moveable ends 42a,42b disadvantageous^ causes 
bending of inner lead 42 along its length which fatigues 
both inner lead 42 and its terminal connections to termi- 
nal 40 and moveable current coil 36. The terminal loca- 
tions are especially vulnerable to fatigue failure since 
stresses within reciprocating compressor 10 tend to 
concentrate at the terminal locations. 
[0006] A pair of internally mounted flexure bearing 
assemblies 44,46 are respectively attached to mounts 
26,28 to operatively center piston 1 4 as well as move- 
able coil 36 and armature 38 within the motor housing 
18. With reference to Figures 2A and 2B, each of the 
flexure bearing assemblies 44,46 includes a planar or 
flat flexure spring 50 that comprises an annular outer 
rim 52 attached to an inner periphery of an associated 
one of mounts 26,28, an annular inner hub 54 through 
which an end of piston 14 extends, and at least one 
resilient support arm 56 coupled between outer rim 52 
and inner hub 54 through spokes 57 formed integral 
with the inner hub 54. 

[0007] Other prior art reciprocating compressors 
utilize plural electrically conductive coil springs, typically 
four to twelve, for both supplying a motor drive current to 
the linear motor and aligning the moveable assembly 
within the compressor. In miniature cryogenic cooler 
applications, these coil springs must be manufactured 
to very close tolerances to ensure the proper operation 
of the linear motor. Disadvantageously, the uncom- 
pressed length of each coil spring must be several times 
the displacement of the moveable assembly in order to 
keep cyclic stresses in the coil springs to within accept- 
able limits. In linear motors that use a large number of 
springs, manufacturing cost and complexity becomes 
significant In addition, although these coil springs axi- 
ally center the moveable assembly, they provide negligi- 
ble radial support, necessitating other means for radially 
centering the moveable assembly, such as a guidepin. 
[0008] Another prior art reciprocating compressor 
58 is depicted in Figure 3, wherein a moveable assem- 
bly is axially reciprocated within a housing 60 by a linear 
motor. The moveable assembly includes a moveable 
mount 62 axially moveable within housing 60, a piston 
64 fixed to a center of the moveable mount 62, and an 
armature 66 fixed to an edge of the moveable mount 62 
and carrying a moveable current coil 68 concentric to 
the piston 64. A cylinder 70 fixed and centered within 
housing 60 is concentric to piston 64. A plurality of elec- 
trically conductive coil springs 71 , typically four, retained 
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between moveable mount 62 and an end 72 of housing 
60, provide axial alignment of the moveable assembly 
within housing 60. A plurality of inner coil springs 74, 
typically four, assist in this axial alignment of the move- 
able assembly, and additionally provide a small meas- 
ure of radial support therefore. A guide pin 76 
constrains the moveable assembly from rotation about a 
longitudinal axis of the compressor. The linear motor for 
reciprocating the moveable assembly includes move- 
able current coil 68 and permanent magnet 78 fixed 
within the housing proximate moveable current coil 68. 
To operate the linear motor, drive current is supplied to 
moveable current coil 68 through the electrically con- 
ductive coil springs 71 . Reciprocation of piston 64 com- 
presses a working fluid within a compression space 77 
to displace the working fluid through a discharge pas- 
sageway 79. 

[0009] One notable advantage of the flexure spring 
of Figure 1 over the conductive coil springs of Figure 3, 
is the ability of the flexure spring to both axially and radi- 
ally align the moveable assembly of the reciprocating 
compressor. 

[001 0] Accordingly, in a reciprocating compressor, it 
is desirable to properly locate the moveable or recipro- 
cating assembly within the motor housing, both axially 
and radially, without resorting to a plurality of conductive 
coil springs and a separate radial alignment mecha- 
nism. 

[001 1] It is also desirable to couple the electric cur- 
rent for driving the linear motor from an external source 
to an electrical terminal of a moveable coil of the linear 
motor within the motor housing, without resorting to a 
plurality of conductive coil springs or to failure prone 
electrical leads and lead connections. 

Summary of the Invention 

[0012] It is therefore an object of the present inven- 
tion to both axially and radially center a moveable 
assembly within a housing of a reciprocating compres- 
sor with an integrated flexure spring and circuit. 
[0013] Another object of the present invention is to 
supply an electric current to a moveable current coil of a 
linear motor within a housing of a reciprocating com- 
pressor with an integrated flexure spring and circuit. 
[001 4] A further object of the present invention is to 
provide at least two electrically isolated current paths 
between an external source of electrical current and a 
moveable current coil of a liner motor within a housing of 
a reciprocating compressor with an integrated flexure 
spring and circuit. 

[0015] These and other objects of the present 
invention are achieved by a new and improved recipro- 
cating compressor including an electric motor having 
fixed and moveable components within a housing for 
reciprocating a moveable assembly, to compress a 
working fluid within a variable volume compression 
chamber within the housing. Advantageously, an inte- 



grated flexure spring and circuit connected between the 
housing and the moveable assembly axially and radially 
centers the moveable assembly within the housing, and 
additionally, supplies an electric current to a moveable 

5 current coil of the electric motor associated with the 
moveable assembly. The moveable assembly is axially 
reciprocated against a restoring force of the integrated 
flexure spring and circuit responsive to an axial force 
exerted on the moveable assembly by the electric motor 

jo when the electric current is supplied to the moveable 
current coil via the integrated flexure spring and circuit. 
[0016] The integrated flexure spring and circuit 
includes a substantially planar, resilient flexure spring 
having an outer rim, an inner hub and a resilient support 

15 member coupled between the outer rim and the inner 
hub. Advantageously, at least two flexible, electrical 
conductors, such as conductive printed circuits or 
tracks, are fixed to the flexure spring and are electrically 
isolated therefrom and from each other, and through 

20 such electrical conductors, electric current is supplied to 
a pair of electrical terminals of the moveable current coil 
of the electric motor. 

[0017] In one aspect of the present invention, the 
moveable assembly includes a moveable cylinder fixed 

25 to the inner hub of the integrated flexure spring and cir- 
cuit The moveable cylinder is thus suspended and cen- 
tered within the housing by the integrated flexure spring 
and circuit The moveable cylinder surrounds a central 
piston fixed within the housing. The variable volume 

30 compression chamber is formed between the piston 
and the cylinder, and the working fluid within the cham- 
ber is compressed responsive to the reciprocation of the 
moveable assembly because of relative displacement 
between the piston and the cylinder. 

35 [0018] In another aspect of the present invention, 
. the moveable assembly includes a moveable piston 
fixed to the inner hub of the integrated flexible spring 
and circuit, and suspended thereby within the housing. 
As the piston is reciprocated, a free end of the piston 

40 compresses the working fluid within the variable volume 
compression chamber. 

[0019] The foregoing objects of the present inven- 
tion are also achieved by a reciprocating compressor 
adapted to be responsive to an electric current applied 

45 to a fixed terminal of the reciprocating compressor. The 
reciprocating compressor includes a housing and a 
reciprocating electric motor within the housing. The 
electric motor includes components fixed within the 
housing and moveable components connected to recip- 

50 rocate a moveable assembly coacting with at least one 
variable volume chamber formed within the housing to 
compress a working fluid supplied to the chamber. A 
resilient spring is connected between the housing and 
the moveable assembly to resiliently suspend and 

55 center the moveable assembly and the moveable com- 
ponents within the housing. A flexible electrical conduc- 
tor is fixed to the resilient spring and electrically isolated 
therefrom to supply the electric current applied to the 
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fixed terminal to an electrical terminal of the electric 
motor. 

[0020] The foregoing objects of the present inven- 
tion are also achieved by an integrated flexure spring 
and circuit for use in a reciprocating compressor. The 
integrated flexure spring and circuit includes a substan- 
tially planar, resilient flexure spring having an outer rim, 
an inner hub and a resilient support member coupled 
between the outer rim and the inner hub. The integrated 
flexure spring also includes a flexible, electrical conduc- 
tor fixed to the flexure spring and electrically isolated 
therefrom. 

[0021] The foregoing objects of the present inven- 
tion are also achieved by a method of operating a recip- 
rocating compressor for compressing a working fluid, 
wherein the reciprocating compressor includes a hous- 
ing and a moveable assembly reciprocated with an elec- 
tric motor disposed in the housing. The method includes 
positioning and centering the moveable assembly axi- 
ally and radially within the housing with a resilient 
spring. The method also includes supplying an electric 
current to the electric motor with the resilient spring. 
[0022] Still other objects and advantages of the 
present invention will become readily apparent to those 
skilled in the art from the following detailed description, 
wherein the preferred embodiments of the invention are 
shown and described, simply by way of illustration of the 
best mode contemplated of carrying out the invention. 
As will be realized, the invention is capable of other and 
different embodiments, and its several details are capa- 
ble of modifications in various obvious respects, all with- 
out departing from the invention. Accordingly, the 
drawings and description thereof are to be regarded as 
illustrative in nature, and not as restrictive. 

Brief Description of the Drawing 

[0023] 

Figure 1 is a cross-sectional longitudinal view of a 
prior art reciprocating compressor having flexure 
bearings. 

Figure 2 A is an elevational front view of a prior art 
flexure spring used in the reciprocating compressor 
of Figure 1 . 

Figure 2B is an elevational side view of the prior art 
flexure spring of Figure 2A. 
Figure 3 is a cross-sectional longitudinal view of a 
prior art reciprocating compressor having electri- 
cally conductive coil springs. 
Figure 4 is a cross-sectional longitudinal view of an 
embodiment of a reciprocating compressor in 
accordance with the present invention. 
Figure 5 A is an elevational front view of an embod- 
iment of an integrated flexure spring and circuit in 
accordance with the present invention. 
Figure 5B is an elevational top view of the inte- 
grated flexure spring and circuit of Figure 5A. 



Figure 5C is a cross-sectional view of a layered 
construction of the integrated flexure spring and cir- 
cuit of Figure 5A. 

Figure 6 is a cross-sectional longitudinal view of an 
5 alternative embodiment of a reciprocating compres- 
sor in accordance with the present invention. 
Figure 7 is a cross-sectional longitudinal view of a 
first linear motor of the reciprocating compressor of 
Figure 4. 

10 

Best Mode for Carrying Out the Invention 

[0024] Figure 4 is an illustration of a preferred 
embodiment of a reciprocating * compressor 80 con- 

15 structed in accordance with the principles of the present 
invention. Terms such as "left" and "right" are used 
herein for convenience, and such terms should be con- 
strued in a relative sense. Reciprocating compressor 80 
includes a cylindrical, pressurized motor housing 82 

20 having a first or left housing section 84a and a second 
or right housing section 84b of preferably mirror image 
construction to each other. Housing 82 is made from a 
metal, preferably aluminum. Note that similar, i.e., corre- 
sponding, components within first and second housings 

25 84a,84b are identified with like reference numerals con- 
taining the respective further designations "a" and "b". 
An end cap 83 and a sealing ring seal 85b seal housing 
84b, and similarly, an end cap, not shown, and a sealing 
ring 85a seal housing 84a. End cap 83 is made from a 

30 metal, preferably aluminum, and sealing rings 85a,85b 
are made from a rubber composition. 
[0025] A fixed central piston 86, fixed at a periphery 
thereof to housing 82, includes a cylindrically shaped 
first piston end 88a and a cylindrically shaped second 

35 piston end 88b disposed respectively within housing 
sections 84a,84b and in fluid communication with a 
transversely, i.e., radially, extending discharge passage 
or through bore 90 through an axial through bore 92. 
Piston 86 is made from a metal, preferably aluminum, 

40 and in one embodiment, the piston is integrally formed 
with housing 82, e.g., the housing and fixed piston can 
be machined from a single block of aluminum. A plastic 
sleeve or spacer 93a and a plastic sleeve or spacer 93b 
are fixed to respective outer surfaces of fixed piston 

45 ends 88a,88b. 

[0026] A moveable cylinder 94a and a moveable 
cylinder 94b respectively are adjacent to and concentric 
with fixed plastic sleeves 93a, 93b and fixed piston ends 
88a ,88b to respectively define a compressor chamber 

so 98a and a compressor chamber 98b there between. 
Moveable cylinders 94a,94b are made from a non-mag- 
netic metal, such as non-magnetic stainless steel. A 
cylindrically-shaped inner surface of each of moveable 
cylinders 94a,94b forms a clearance seal with an 

55 opposing, outer bearing surface of a respective one of 
fixed plastic sleeves 93a,93b, i.e., the inner surfaces of 
the moveable cylinders are in respective sliding and 
fluid sealing contact with the outer bearing surfaces of 
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the plastic sleeves. Each of cylinders 94a,94b Is recipro- 
cated with a linear motor to alternately compress a 
working fluid within respective compression chambers 
98a,98b. Alternate compression of the working fluid is a 
result of electrically induced deflection of a unique inte- 
grated flexure spring and circuit a pair of which are gen- 
erally designated with respect to reference numerals 
100 and 102, operatively attached to a linear motor for 
movement therewith. 

[0027] Still with reference to Figure 4, a first linear 
motor disposed within first housing section 84a includes 
a cylindrically-shaped moveable armature 104a, made 
from a ferromagnetic material, which is fixed to an outer 
surface of associated cylinder 94a. A moveable current 
coil 1 06a is in turn attached to an outer surface of move- 
able armature 104a and defines an air gap 108a with an 
inner surface of a cylindrical, i.e., ring-shaped, inner 
fixed magnet 1 10a. Moveable current coil 106a includes 
a pair of electrically coupled coil windings axially 
spaced by a plastic, ring-shaped spacer 109a fixed to 
the outer surface of moveable armature 104a. The axi- 
ally spaced coil windings are wound in opposite direc- 
tions, e.g., in respective clockwise and counter- 
clockwise directions, about moveable armature 104a. A 
second linear motor within housing section 84b includes 
likely, i.e., mirror image, components. Moveable current 
coils 106a,106b are electrically connected in parallel. 
[0028] With the foregoing construction, moveable 
cylinders 94a,94b with respective moveable armatures 
104a,104b and respective moveable current coils 
106a,106b respectively form a first moveable assembly 
and a second moveable assembly suspended within 
respective motor housing sections 84a,84b for recipro- 
cating axial displacement along a longitudinal axis 1 1 2 
of motor housing 82. A pair of axial clearance gaps 
109a, 109b between radially extending portions of fixed 
piston 86 and respective end faces of the first and sec- 
ond moveable assemblies permit reciprocating move- 
ment of the moveable assemblies through a distance 
equal to the axial clearance of the gaps. 
[0029] Inner fixed magnet 1 1 0a is fixed to an inner 
surface of a cylindrically-shaped, ferromagnetic, outer 
pole piece 114a of the first linear motor. Outer pole 
piece 114a is in turn fixed to an inner surface of first 
housing section 84a. Inner fixed magnet 110a includes 
a pair of radially polarized ring magnets, axially spaced 
by a plastic spacer 111a. Fixed magnet 1 10a and outer 
pole piece 1 14a together form a magnet assembly sur- 
rounding moveable current coil 106a. Similar compo- 
nents are disposed within second housing section 84b. 
Each magnet assembly is positioned sufficiently close 
to an associated one of moveable current coils 
106a,106b within associated first and second housing 
sections 84a, 84b, to facilitate magnetic coupling 
between the magnet assemblies and the moveable cur- 
rent coils when the coils carry motor drive current 
therein. The small clearance or air gaps 108a, 108b 
between the magnet assemblies and associated move- 



able current coils 106a, 106b permit frictioniess relative 
movement. 

[0030] The magnetic circuit formed within the first 
linear motor is depicted in Figure 7. In the motor, the 
5 spaced ring magnets of fixed magnet 1 1 0a are radially 
polarized in opposite North (N) — South (S) directions. 
Magnetic flux circulates through the components of the 
linear motor in a clockwise direction along a circuitous 
flux path 200, as follows: 

10 

1) along the axial length of moveable armature 
104a; 

2) radially across a left one of the spaced pair of 
oppositely wound coil windings of moveable current 

15 coil 106a, air gap 108a, and a corresponding left 
one of the spaced ring magnets of fixed magnet 
110a; 

3) along the axial length of outer pole piece 114a; 
and 

20 4) radially across a right one of the spaced ring 
magnets, air gap 108a, and a corresponding right 
one of the pair of coil windings. 

[0031] A magnetic interaction between the mag- 
25 netic flux and the electrical currents carried by the pair 
of coil windings in directions perpendicular to the direc- 
tion of magnetic flux intersecting the windings, i.e., per- 
pendicular to the plane of Figure 7, induces an axially 
directed magnetic motor force on the coil windings. For 
30 a predetermined size and weight of the linear motor, 
radial polarization of fixed magnet 110a, as compared 
to an alternative, such as axial polarization thereof, 
advantageously maximizes the magnetic flux density 
crossing air gap 1 08a and intersecting the spaced coil 
35 windings of moveable current coil 106a. Such radial 
polarization thus leads to a more compact, lower weight 
configuration for reciprocating compressor 80; an 
important consideration for airborne applications of the 
compressor. 

40 [0032] Referring back to Figure 4, an important and 
advantageous feature of the reciprocating compressor 
80 is integrated flexure spring and circuit 100 fixedly 
mounted along its outer periphery within an end 1 1 6a of 
housing 82. Similarly, integrated flexure spring and cir- 

45 cuit 102 is fixedly mounted along its outer periphery 
within an end 1 1 6b of housing 82. As depicted in Figure 
4, springs 100,102 are mounted parallel to each other 
with a pair of spring supports 1 18a and a pair of spring 
supports 1 18b, respectively. Spring supports or mounts 

50 118a,118b are electrically insulating and preferably 
made from a plastic-reinforced glass composition. Axi- 
ally spaced spring supports 1 18a,1 18b, are attached to 
respective inner surfaces of housing ends 11 6a, 116b, 
with the associated spring periphery sandwiched there 

55 between. A hub 120 (see Figure 5A) formed in the 
center of spring 1 00 is attached to an extended end por- 
tion 119a of cylinder 94a, and similarly, a hub 120 
formed in the center of spring 102 is attached to an 



5 



9 



EP1 045 145 A1 



10 



extended end portion 1 19b of cylinder 94b. In this man- 
ner, springs 100,102 respectively center and suspend 
the first and second moveable assemblies, i.e., associ- 
ated moveable cylinders 94a,94b, moveable armatures 
104a t 104b, and moveable current coils 106a,106b fixed 5 
thereto, for reciprocating axial displacement thereof. As 
described in detail below, springs 100,102 align the 
respective first and second moveable assemblies in 
both axial and radial directions within motor housing 82. 
[0033] More specifically, with particular reference to 10 
Figures 5A, 5B and 5C, spring 100 (and spring 102) is 
in the form of a substantially planar flexure spring, made 
from spring steel, having an annular outer rim portion 
126, inner hub portion 120, and a resilient support 
member coupled between the outer rim and inner hub. 15 
Inner hub portion 1 20 includes a central through aper- 
ture 121. The resilient support member includes a plu- 
rality of resilient spring arms 128A, 128B and 128C 
coupled between outer rim 126 and inner hub 120, and 
extending in both circumferential and radial directions 20 
there between (the designations "A" — "C" distinguish 
like components of the one spring, and are not to be 
confused with the designations "a'/b" used to distin- 
guish like components within housings sections 
84a,84b). A plurality of through apertures 139 separate 25 
resilient spring arms 128A-128C, inner hub 120 and 
outer rim 126. 

[0034] A plurality of flexible, electrically conductive 
printed circuits or tracks 130A, 130B and 130C, prefera- 
bly made from beryllium copper, are respectively fixedly 30 
applied, i.e., bonded, to electrically insulated surfaces of 
spring arms 128A-128C. An electrically insulating layer 
184 (Figure 5C) bonded to a surface of each spring arm 
128A-128C of the flexure spring ensures printed circuits 
130A-130C are each electrically isolated from the 35 
underlying flexure spring and from each other. Electri- 
cally insulating layer 184 is preferably made from a plas- 
tic composition. Printed circuit or track 1 30A includes an 
outer terminal portion 1 32A coincident with a portion of 
outer rim 1 26, an inner terminal portion 1 34A coincident 40 
with a portion of inner hub 1 20, and a track portion 1 36A 
traversing a length of resilient spring arm 128A between 
outer and inner terminal portions 132A and 134A. 
Printed circuits 130B and 130C include similarly 
arranged terminal and track portions. 45 
[0035] For reasons more fully discussed later, a sol- 
der joint 129A joins a first end of an electrical inner lead 
150a to inner terminal portion 134A of printed circuit 
130A. Similarly, a solder joint 129C joins a first end of an 
electrical inner lead 1 51 a to inner terminal portion 1 34C so 
of printed circuit track 130C. On the single integrated 
flexure spring and circuit 100 (and similarly on spring 
1 02), a pair of electrically isolated, conductive paths are 
thus established between leads 150a,151a and respec- 
tive outer terminal portions 132A.132C of respective 55 
printed circuits 130A.130C. In the preferred embodi- 
ment integrated flexure spring and circuit 1 00 includes 
at least two spring arms and at least two corresponding 



printed circuits or tracks for establishing at least two 
electrically isolated conductive paths. The third printed 
circuit, e.g., printed circuit 130B of spring 100 (and 102), 
enhances flexibility in assembling reciprocating com- 
pressor 80. For instance, spring 1 00 can be rotated as 
necessary to align any two of the three outer terminal 
portions 132A-132C with a corresponding pair of fixed 
terminals of reciprocating compressor 80, during 
assembly thereof. 

[0036] Numerous alternative arrangements of the 
resilient support member are possible, such alternative 
arrangements being determined by the required proper- 
ties of the integral spring device. For example, each 
resilient support arm of the resilient support member 
can be substantially radially directed, spiral-like, or can 
follow a serpentine path between outer rim 126 and 
inner hub 120. Also, the number and widths of the sup- 
port arms can be varied. Correspondingly, numerous 
alternative arrangements of the flexible printed circuit 
component are also possible. The arrangement of the 
electrically conductive tracks, i.e., the number, widths, 
and locations of the electrically conductive tracks can 
be varied to suit the requirements of a particular appli- 
cation or use of spring 100. 

[0037] In another embodiment of the present inven- 
tion, an electrically conductive wire or cable, or other 
flexible conductor, is integrally bonded to the surface of 
the spring arm. In even another embodiment, the elec- 
trically conductive flexible printed circuit wire or cable 
can be substantially encased or embedded within 
spring 100, with only inner and outer terminal portions 
thereof exposed at the surface of spring 100 for electri- 
cal connection. 

[0038] As mentioned above and with reference 
again to Figure 4, outer rim 126 of spring 100 is secured 
to housing end 1 1 6a of the housing 82 by a pair of annu- 
lar spring mounts 1 18a. The spring 100 is thus coupled 
to the housing end 1 16a of housing 82 so as to extend 
across housing end 1 1 6a in a transverse planar direc- 
tion, with an exterior surface of spring 100 having the 
printed circuit applied thereto facing away from an inte- 
rior of the motor housing. Opposite first piston end 88a, 
a bolt 142a, inserted through central aperture 121 of 
inner hub 120 of spring 100, secures a compression 
plug 140a to an interior surface of the spring at the inner 
hub thereof. Compression plug 140a is made from a 
non-magnetic metal; preferably non-magnetic stainless 
steel. Extended end portion 119a of cylinder 100 sur- 
rounding compression plug 140a is also fixed to the 
interior surface of spring 100 at inner hub 120 thereof. In 
this manner moveable cylinder 94a is suspended within 
first housing section 84a by spring 100. Variable volume 
compression space 98a in fluid communication with 
axial through bore 92 is formed between first piston end 
88a and compression plug 1 40a. 
[0039] Spring 102 is similarly coupled to and 
extends transversely across housing end 1 1 6b of motor 
housing 82. Since components within the second hous- 
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ing correspond to the aforementioned components in 
the first housing, moveable cylinder 94b is suspended 
within second housing section 84b by spring 102. 
Springs 100,102 center and suspend respective move- 
able cylinders 94a,94b and thus, the first and second 
moveable assemblies within motor housing 82. A pair of 
clearance gaps 141a and a pair of clearance gaps 141b 
respectively straddle springs 100,102 and permit inter- 
ference-free reciprocation thereof. 
[0040] The first linear motor, including moveable 
current coil 106a and the associated fixed magnet 
assembly, axially displaces the first moveable assembly 
suspended within first housing section 84a. Similarly, 
the second linear motor, including moveable current coil 
1 06b and the associated fixed magnet assembly, axially 
displaces the second moveable assembly suspended 
within second housing section 84b. The first linear 
motor is driven responsive to a sinusoidal, i.e., alternat- 
ing, motor drive current supplied from an external cur- 
rent source, not shown, to a circuit board 144a secured 
to first end 1 1 6a of motor housing 82. The particulars of 
the externa! current source are known in the art and are 
not important to the inventive concept of the present 
invention, so long as the motor drive current supplied 
thereby produces the required reciprocating displace- 
ment of the moveable assembly. A pair of short, electri- 
cal outer leads 146a, 147a carry the motor drive current 
(supplied to circuit board 1 44a from the external current 
source) from circuit board 144a to a respective pair of 
electrical housing terminals 148a,149a fixed to a 
periphery of first end 116a of motor housing 82, i.e., 
fixed within spring mounts 1 1 8a. 
[0041 ] Housing terminals 1 48a, 1 49a are in registra- 
tion and electrical contact with respective outer terminal 
portions 132A.132C (Figure 5A) of respective electri- 
cally conductive tracks 130A.130C of spring 100. A pair 
of short, flexible electrical inner leads 150a,151a, which 
can be, for example, a pair of wires or flat cables, elec- 
trically couple respective inner terminal portions 
134A.134C (of respective tracks 130A.130C) at inner 
hub 120 of spring 100, to a respective pair of electrical 
terminals of moveable coil 106a. More specifically and 
as previously described, the first ends of inner leads 
150a,151a are soldered to respective inner terminal 
portion 1 34A,1 34C of spring 1 00 to effect electrical con- 
nections thereto, while a second end of each of inner 
leads 1 50a, 1 51a is connected to a respective one of the 
pair of electrical terminals of moveable current coil 
106a. In this manner, electrically isolated, conductive 
paths are respectively established between housing ter- 
minals 148a,149a and the electrical terminals of move- 
able current coil 106a through respective electrically 
conductive tracks 130A,130C applied to the exterior 
surface of spring 100 (and through respective inner 
leads 150a,151a). 

[0042] In the preferred embodiment, the electrical 
coupling arrangement just described with respect to 
components within first housing section 84a is repli- 



cated within second housing section 84b, as depicted in 
Figure 4. Therefore, a duplicative textual description of 
the electrical coupling arrangement within second hous- 
ing 84b is herein omitted for the sake of descriptive 

5 brevity and clarity. However, it is to be understood in the 
following operational description that springs 100,102 
are arranged and operate similarly in respective hous- 
ing sections 84a,84b, e.g., motor drive current is sup- 
plied from the external source to moving coil 106b via 

10 spring 1 02 in the same manner as motor drive current is 
supplied from the external source to moving coil 106a 
via spring 100. 

[0043] In operation, the external source of current 
supplies a sinusoidal motor drive current to moveable 

15 coils 1 06a, 1 06b of the respective first and second linear 
motors through respective springs 100,102, as 
described above. Each moveable assembly is displaced 
from an initial rest position, i.e., the neutral or centered 
position depicted in Figure 5, in first and second oppos- 

20 ing axial directions against a restoring force of a respec- 
tive one of springs 100,102 responsive to a respective 
axial force exerted on each moveable assembly. 
[0044] As previously described, the axial force 
results from a magnetic interaction induced between the 

25 magnet assembly and the moveable current coil of the 
moveable assembly when the motor drive current is 
supplied to the electrical terminals of the moveable cur- 
rent coil. Because of the mirror-image arrangement of 
components within first and second housing sections 

30 84a, 84b, the first and second moveable assemblies (in 
the respective first and second housing sections) recip- 
rocate in anti-phase or opposite axial directions, i.e., the 
moveable assemblies are axially displaced 180° out of 
phase with respect to each other. As compression plugs 

35 1 40a, 1 40b fixed to the respective inner hubs of springs 
100,102 axially reciprocate along with the respective 
moveable assemblies, a volume of each respective 
compression space 98a,98b alternately expands and 
contracts since first and second piston ends 88a,88b 

40 are fixed within the motor housing 82. The typically gas- 
eous working fluid occupying the compression spaces 
98a,98b is thus alternately displaced from the compres- 
sion spaces into and through axial and exit through 
bores 92,90 within piston 86. 

45 [0045] During reciprocating operation of spring 100 
(and spring 102), outer rim 126 is stationary while inner 
hub 1 20 reciprocates in the axial direction responsive to 
a driving force applied to inner hub 120, i.e., inner hub 
120 is displaced by an axial force from an initial rest 

so position in a transverse plane (depicted in Figure 4, and 
by the solid lines in Figure 5B) in first and second 
opposing axial directions (depicted by the arrows at 
either end of central axis line 112) against a restoring 
force of the resilient support member, i.e., of each of 

55 resilient spring arms 128A-128C. As depicted in Figure 
5B, outer rim 126 and inner hub 120 remain, for the 
most part, flat and parallel during operation, while each 
of resilient spring arms 128A-128C bends out of the ini- 
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tial rest position to accommodate the axial displacement 
of inner hub 120, e.g., to the dashed line positions indi- 
cated in Figure 5B. The planar construction of spring 
100 naturally biases each of resilient spring arms 128A- 
128C against the axial displacement of inner hub 120 5 
away from the initial rest position, and thus, each resil- 
ient spring arm exerts a restoring force toward the initial 
rest position whenever the inner hub is so displaced. A 
preferable peak amplitude of axial displacement of hub 
1 20 from the rest position is approximately 2/1 0 of an 10 
inch, i.e., a peak amplitude of 2/10 of an inch in each 
opposing axial direction, for a total peak-to-peak ampli- 
tude of 4/10 of an inch. Such displacement limits bend- 
ing or flexing induced in any localized area of the 
electrically conductive printed circuit, and thus, drasti- 75 
cally reduces stress related failure of the printed circuit. 
[0046] The magnitude of the restoring force is 
determined by an axial stiffness of the spring 100. Addi- 
tionally, spring 1 00 is constructed to have a radial, i.e., 
transverse, stiffness that is substantially greater than 20 
the axial stiffness of the spring 100. These attributes of 
spring 100, also shared by flexure spring 102, are nec- 
essary in order to achieve the axial and radial alignment 
of the moveable assemblies to within required opera- 
tional tolerances. 25 
[0047] In reciprocating compressor 80, springs 
100,102 perform two critical functions. First, springs 
100,102 respectively locate the first and second move- 
able assemblies and the moveable components of the 
first and second linear motors (i.e., moveable coils 30 
106a, 106b) within motor housing 82 both axially and 
radially. Second, springs 100,102 and specifically, elec- 
trically conductive tracks 130A-130C applied thereto, 
serve as part of a current coupling mechanism through 
which motor drive current is transferred between the 35 
external source of motor drive current and respective 
moveable current coils 106a, 106b. Advantages of recip- 
rocating compressor 80 realized through use of springs 
100,102 therein include the following: 

40 

1 ) a single spring accommodates a pair of isolated, 
electrically conductive printed circuits for conduct- 
ing motor drive current to an associated moveable 
current coil; 

1 ) additional motor drive current conduction paths 45 
can be advantageously located on a single inte- 
grated spring and circuit as the need arises, obviat- 
ing the need for additional, failure prone electrical 
leads as used in the prior art reciprocating com- 
pressor of Figure 1 ; 50 
3) operational reliability is enhanced as compared 
to the prior art reciprocating compressor of Figure 1 
since deflection of inner lead 1 50a (and 1 50b) and 
stresses in terminal locations are minimized. 
Deflection of inner lead 1 50a is minimized because 55 
both ends thereof, i.e., the end connected to inner 
hub 120 of spring 100 and the other end connected 
to the electrical terminal of the moveable current 



coil 106a, are displaced in unison as the moveable 
assembly reciprocates and thus, relative motion 
between the ends of the lead is non-existent or min- 
imal; 

4) for a predetermined axial displacement of the 
moveable assembly within motor housing 82, fewer 
parts and less space are required as compared to 
the prior art motor of Figure 3, since the plurality of 
coil spring are not required - in miniature reciprocat- 
ing compressors, such space savings translate to 
an advantageous reduction in the size of the recip- 
rocating compressor; 

5) springs 1 00, 1 02 are typically less expensive than 
an equivalent number of conductive coil springs, 
i.e., the number of coil springs needed to fulfill the 
functionality provided by the integral spring device; 
and 

6) the improvement in radial support provided by 
springs 100,102 as compared to the coil springs 
reduces side loading on and friction wear of move- 
able parts of the linear motor, thus leading to a 
greater operational life and mean time between fail- 
ure for the linear motor. 

[0048] As previously described, reciprocating com- 
pressor 80 of Figure 4 includes moveable cylinders 
94a,94b and a fixed piston 86. However, another 
embodiment of the reciprocating compressor of the 
present invention is depicted in Figure 6, wherein recip- 
rocating compressor 160 includes a moveable rather 
than a fixed piston. The construction, arrangement and 
operation of the reciprocating compressor of Figure 6 
are similar in some aspects to the prior art reciprocating 
compressor of Figure 1 , with a significant distinction and 
improvement; flexure bearing 44 of prior art reciprocat- 
ing compressor 10 of Figure 1 is replaced in the recipro- 
cating compressor 160 of Figure 6 by spring 100. 
Advantageously, the incorporation of spring 100 obvi- 
ates the need for failure prone inner lead 42 between 
fixed terminal 40 and moveable current coil 36. 
[0049] In Figure 6, outer rim 126 of spring 100 is 
secured to left housing mount 26 while inner hub 120 of 
spring 1 00 is fixed to a left end of piston 1 4. Electrical 
terminal 40 is in registration and electrical contact with 
outer terminal portion 132A of electrically conductive 
track 130A, at outer rim 126 of spring 100. An electrical 
connection between electrical terminal 40 and an elec- 
trical terminal of moveable current coil 36 via an inner 
lead wire 162 is constructed in the same manner as 
described in connection with reciprocating compressor 
80 of Figure 4. In this manner, an electrically conductive 
path is established between electrical terminal 40 and 
the electrical terminal of moveable current coil 36 
through electrically conductive track 130A applied to the 
exterior surface of spring 100, and inner lead 162. It is 
to be understood that another electrical coupling 
arrangement, not shown, similar to the arrangement just 
described, supplies current to another electrical termi- 
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nal of current coil 36 through electrically conductive 
track 130C, to complete an electrical current path 
between current coil 36 and the external source of cur- 
rent. 

[0050] In operation, the external source of current 
supplies a motor drive current to the linear motor 
through outer lead 39, electrical terminal 40, electrically 
conductive track 130A applied to the exterior surface of 
spring 100, and inner lead 1 62. The moveable assembly 
is displaced from an initial rest position, i.e., a neutral or 
center position depicted in figure 6, in first and second 
opposing axial directions against a restoring force of 
spring 100 and an associated restoring force of flexure 
bearing 46, responsive to an axial force exerted on the 
moveable assembly. The axial force results from a mag- 
netic interaction between fixed magnet 34 and move- 
able current coil 36, when the motor drive current is 
supplied to the electrical terminals of moveable current 
coil 36. As the piston axially reciprocates, the working 
fluid within chamber 22 is compressed and displaced 
through exit passageway 24. It should be appreciated 
that an opposing piston 164 is suspended within the 
right half of the motor housing by an associated integral 
spring device (and flexure bearing), and is similarly 
driven by an associated linear motor. 
[0051] In an alternative arrangement of the embod- 
iment of reciprocating compressor 80 of Figure 4, 
wherein the moveable current coils are not electrically 
connected together, each of the first and second move- 
able assemblies occupying respective bowing sections 
84a,84b can be independently driven by the respective 
first and second linear motors. In this arrangement, 
each of moveable current coils 106a, 106b is independ- 
ently supplied with an electric current from an external 
source. 

[0052] The laminated or layered cross-sectional 
construction of spring 100 is depicted in Figure 5C. The 
layered construction includes a resilient or springy base 
layer, corresponding to spring arm 128A, made from 
spring steel. An exemplary thickness of the base layer is 
approximately 12/1000 of an inch. Applied to an upper 
surface of the resilient base layer is an electrically insu- 
lating layer 184, which is made from a plastic. As previ- 
ously described, applied or bonded to an upper surface 
of insulating layer 184 is the thin, flexible, electrically 
conductive layer, corresponding to electrically conduc- 
tive track 130A. The conductive layer is made from a 
flexible, suitably durable, conductive material; preferably 
beryllium copper. A preferred thickness of the conduc- 
tive layer is in the approximate range of three to four 
thousandths of an inch. Since spring 100 is a composite 
of three layers fixed together, i.e., the spring steel base 
layer, plastic insulating layer 184, and the conductive 
layer, it is important that each of the three layers exhibit 
a similar thermal expansion over the operating temper- 
ature range of spring 100. Such similarity in thermal 
expansion minimizes destructive stresses in the spring 
that would otherwise arise from disparate thermal 



expansion between the three layers. 

[0053] A method of manufacturing or producing the 

layered construction includes the following steps: 

5 1) establishing a substantially planar, resilient base 

layer formed of the resilient or springy material, and 
having a configuration corresponding to that of the 
flexure spring. This step can be achieved through a 
chemical milling step; 

10 2) applying electrically insulating layer 184 to an 
upper surface of the resilient base layer; 

3) depositing an electrically conductive layer on the 
electrically insulating layer in accordance with a 
predetermined pattern, the pattern establishing, for 

15 example, the configuration of the flexible printed cir- 
cuits of spring 100; and 

4) removing exposed portions or regions of electri- 
cally insulating layer 184, such as those portions 
not covered by the electrically conductive layer. 

20 This step in the method can be effected through 
chemical etching. 

[0054] Since the integrated flexure spring and cir- 
cuit is fabricated with chemical milling operations 

25 instead of mechanical deformation steps, the resulting 
integral spring device is advantageously produced with 
virtually no residual stresses therein. This increases the 
reliability and extends the operational life of the inte- 
grated flexure spring and circuit. 

30 [0055] In another method of producing the inte- 
grated flexure spring and circuit a flexible electrically 
conductive wire or cable is bonded to electrically insu- 
lating layer 184 instead of the printed circuit. In even 
another method of producing the integrated spring and 

35 circuit the printed circuit wire or cable, is embedded 
within the laminated or layered structure with only inner 
and outer terminal portions thereof exposed at the sur- 
face of the spring for connection with the motor termi- 
nals and inner leads of the linear motor. 

40 [0056] It will be readily seen by one of ordinary skill 
in the art that the present invention fulfills all of the 
objects set forth above. After reading the foregoing 
specification, one of ordinary skill will be able to affect 
various changes, substitutions of equivalents and vari- 

45 ous other aspects of the invention as broadly disclosed 
herein. It is therefore intended that the protection 
granted hereon be limited only by the definition con- 
tained in the appended claims and equivalents thereof. 

50 Claims 

1. A reciprocating compressor adapted to be respon- 
sive to an electric current applied to a fixed terminal 
of the reciprocating compressor, comprising: 

55 

a housing; 

a reciprocating electric motor including compo- 
nents fixed within said housing and moveable 
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components connected to reciprocate a move- 
able assembly coacting with at least one varia- 
ble volume chamber formed within said 
housing to compress a working fluid supplied to 
said chamber; 

a resilient spring connected between said 
housing and said moveable assembly to resil- 
iency suspend and center said moveable 
assembly and said moveable components 
within said housing; and, 
a flexible, electrically conductive printed circuit 
fixed to said resilient spring to supply the elec- 
tric current applied to the fixed terminal to an 
electrical terminal of the electric motor. 

2. The reciprocating compressor of claim 1 , wherein: 

said resilient spring is constructed and 
arranged to center said moveable assembly 
within said housing in radial and axial direc- 
tions, and 

said moveable assembly is displaced from an 
initial position in first and second opposing 
axial directions against a restoring force of said 
resilient spring responsive to an axial force 
exerted on said moveable assembly by said 
electric motor when the electric current is sup- 
plied to the fixed terminal. 

3. The reciprocating compressor of claim 2, wherein 
said resilient spring includes a substantially planar, 
resilient flexure spring extending across said hous- 
ing in said radial direction, and wherein said printed 
circuit is electrically coupled between the fixed ter- 
minal and said electrical terminal of said electric 
motor. 

4. The reciprocating compressor of claim 3, wherein 
said resilient spring includes: 

an outer rim fixed to a periphery of said hous- 
ing, 

an inner hub fixed to an end of said moveable 
assembly, and 

a resilient support member coupled between 
said outer rim and said inner hub, said resilient 
support member providing said restoring force 
when said inner hub and said moveable 
assembly fixed thereto are displaced in said 
first and second axial directions. 

5. The reciprocating compressor of claim 4, wherein 
said printed circuit is electrically isolated from said 
resilient spring. 

6. The reciprocating compressor of claim 5, wherein 
said printed circuit is applied to an electrically insu- 
lating surface of said resilient spring. 



7. The reciprocating compressor of claim 6, wherein 
said printed circuit includes: 

an outer terminal portion coincident with said 
5 outer rim and electrically coupled to the fixed 

terminal, 

an inner terminal portion, and 
a portion coincident with said resilient support 
member and connecting said inner and outer 
w terminal portions. 

8. The reciprocating compressor of claim 7, wherein 
said outer terminal portion and the fixed terminal 
are coincident, and said inner terminal portion and 

15 said inner hub are coincident. 

9. The reciprocating compressor of claim 8, wherein 
said resilient support member includes first and 
second resilient spring arms coupled between said 

20 outer rim and said inner hub, and said printed circuit 
traverses a length of said first resilient spring arm. 

10. The reciprocating compressor of claim 4, wherein 
said printed circuit includes: 

25 

an outer terminal portion coincident with the 
outer rim of said resilient spring and electrically 
coupled to the fixed terminal, 
an inner terminal portion, and 
30 a portion connecting said outer terminal portion 

and said inner terminal portion. 

11. The reciprocating compressor of claim 2, wherein 
said electric motor includes 

35 

a current coil adapted to be displaced with said 
moveable assembly, said current coil having an 
electrical terminal electrically coupled to said 
printed circuit of said resilient spring, and 
40 a magnet assembly fixed within said housing, 

said axial force resulting from a magnetic inter- 
action induced between said magnet assembly 
and said current coil when the electric current 
is supplied to the fixed terminal. 

45 

1 2. The reciprocating compressor of claim 1 1 , wherein 
said current coil includes first and second axially 
spaced current coil windings, and said magnet 
assembly includes first and second axially spaced 

so ring magnet assemblies for respective magnetic 
interaction with said first and second current coil 
windings, said first and second ring magnet assem- 
blies being respectively magnetically polarized in 
opposing radial directions. 

55 

13. The reciprocating compressor of claim 11, wherein 
said moveable assembly includes: 
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a cylinder extending along an axis of said hous- 
ing, said cylinder having an end fixed to said 
resilient spring, and 

said current coil, said current coil at least par- 
tially surrounding said cylinder. 5 

14. The reciprocating compressor of claim 9, wherein 
an electrical lead is coupled between said electrical 
terminal of said motor and said inner terminal por- 
tion of said printed circuit applied to said resilient w 
spring. 

15. The reciprocating compressor of claim 14, wherein 
first and second flexible, electrically conductive 
printed circuits are respectively applied to electri- 15 
cally insulating surfaces of said first and second 
spring arms to electrically isolate said first and sec- 
ond printed circuits from said resilient spring and 
each other, said first and second printed circuits 
being respectively, electrically coupled between 20 
first and second fixed terminals of said housing and 
respective first and second electrical terminals of 
said motor to supply the electric current applied to 
said first and second fixed terminals to said first and 
second electrical terminals of said motor. 25 

16. The reciprocating compressor of claim 13, further 
including a piston fixed within said housing, said 
piston extending along said axis of said housing 
and within said cylinder to form said at least one 30 
variable volume chamber between said piston and 
said cylinder, said piston having axial and radial 
through bores therein, said axial and radial through 
bores being in fluid communication with each other 
and with said chamber, whereby the working fluid is 35 
displaced from said chamber and through said axial 
and transverse through bores responsive to a rela- 
tive axial displacement between said cylinder and 
said piston. 

40 

17. The reciprocating compressor of claim 1 1 , wherein 
said moveable assembly includes a piston having a 
portion thereof fixed to said resilient member and 
suspended thereby to extend along said axis of said 
housing, said piston having a free end for coacting 45 
with said variable volume chamber within said 
housing, said housing including an exit through 
bore in fluid communication with said chamber, 
whereby said working fluid is displaced from said 
chamber and through said exit through bore so 
responsive to said axial displacement. 

18. The reciprocating compressor of claim 1, wherein 
an opposing pair of said reciprocating electric 
motors, an associated opposing pair of said resil- 55 
ient springs, and an associated pair of said flexible, 
electrically conductive printed circuits disposed 
within said housing cooperate to compress the 



working fluid within an associated pair of said at 
least one variable volume chambers, responsive to 
an application of the electric current to said pair of 
said electric motors through said pair of said printed 
circuits. 

19. A method of operating a reciprocating compressor 
for compressing a working fluid, the reciprocating 
compressor including a housing and a moveable 
assembly reciprocated with an electric motor dis- 
posed in said housing, comprising the steps of: 

positioning and centering said moveable 
assembly radially within said housing with a 
resilient spring; and 

supplying an electric current to said electric 
motor through a flexible, electrically conductive 
printed circuit fixed to said resilient spring. 

20. The method of claim 19, wherein the positioning 
step further includes the step of positioning and 
centering said moveable assembly axially within 
said housing with said resilient spring. 

21. The method of claim 19, further including the step 
of displacing said moveable assembly from an ini- 
tial position in first and second opposing axial direc- 
tions against a restoring force of said resilient 
spring responsive to said step of supplying. 

22. The method of claim 20, wherein the step of supply- 
ing includes the further step of supplying an electric 
current to said electric motor trough a pair of flexi- 
ble, electrically conductive printed circuits fixed to 
and electrically isolated from said resilient spring. 

23. An integrated flexure spring and circuit for use in a 
reciprocating compressor, comprising: 

a substantially planar, resilient flexure spring 
having an outer rim, an inner hub and a resil- 
ient support member coupled between said 
outer rim and said inner hub; and 
a flexible, electrically conductive printed circuit 
fixed to said flexure spring. 

24. The integrated flexure spring and circuit of claim 23, 
wherein said inner hub, said resilient support mem- 
ber and said printed circuit are adapted to be dis- 
placed from a planar rest position in first and 
second opposing axial directions against a restor- 
ing force of said resilient support member. 

25. The device as recited in claim 24, wherein said 
resilient support member includes at least two resil- 
ient support arms resiliently coupling said inner hub 
to said outer rim. 
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26. The device as recited in claim 25, wherein said at 
least two resilient support arms are circumferen- 
tially and radially directed between said outer rim 
and said inner hub. 

5 

27. The device as recited in claim 25, wherein said 
printed circuit includes an outer terminal portion 
proximate said outer rim, an inner terminal portion 
proximate said inner hub, and a portion traversing 

at least one of said plurality of resilient support 10 
arms and connecting said outer and inner terminal 
portions. 

28. The device as recited in claim 25, wherein at least 
two flexible, electrically conductive printed circuits 15 
are respectively applied to electrically insulating 
surfaces of said at least two resilient support arms 

to electrically isolate said printed circuits from said 
flexure spring and each other. 

20 
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